The pathogenesis of viral myocarditis is a multifactorial process involving host genetics, viral genetics and the environment in which they interact. We have used a model of infection with coxsackievirus B3 (CVB3) to characterize the contribution of host genetics to viral myocarditis in mice of different genetic backgrounds but with a common H2 haplotype: A/J and B10.A-H2 a .
Introduction
Myocarditis is a surprisingly common 1 and potentially fatal inflammatory disorder of the heart. [2] [3] [4] It is estimated that about 10-20% of people with histological evidence of myocarditis, even in asymptomatic patients, will develop chronic disease eventually leading to dilated cardiomyopathy (DCM), 5 a common cause of heart failure. The human population susceptible to inflammatory cardiomyopathy appears to be nonrandom with genotypic and environmental factors modulating disease outcome. 6 The observation of familial clustering, and the reported linkage to human lymphocyte antigen (HLA) class II suggest that the host genotype influences severity of disease. 7, 8 Enteroviral infection, particularly by coxsackievirus B3 (CVB3), might explain 20-30% of all cases of myocarditis in human patients. 9 Unequivocal evidence that CVB3 can cause cardiac disease has been provided by experimental infection in mice. Infections of susceptible mouse strains or immuno-compromised animals with CVB3 faithfully recapitulate many aspects of myocarditis and DCM in humans. [9] [10] [11] In mice, myocarditis is a multi-stage process beginning with viremia, immediately followed by infiltration of the heart by innate effectors. In this early acute phase, a combination of direct viral cytopathy, intense cytokine production 12 and inflammatory infiltration of the myocardium by innate effectors including macrophages and natural killer cells, contribute to the early myocardial damage. 13 This acute phase of inflammation and necrosis peaks between 7 and 14 days post-infection (p.i.). 13 Remarkably, many aspects of viral myocarditis may be recapitulated in experimental autoimmune models as induced by cardiac myosin and an adjuvant. 14 Pathological outcome of CVB3-induced myocarditis is determined by a complex interplay between viral [15] [16] [17] [18] and host factors. At least two host proteins, decay accelerating factor (DAF) 19 and coxsackievirus-adenovirus receptor (CAR), 20, 21 function as receptors for virus attachment and entry through binding with virus capsid proteins. The mdx mouse, a dystrophin-deficient model for Duchenne muscular dystrophy is particularly susceptible to CVB3-induced myocarditis, 22 demonstrating that the host genotype can exacerbate susceptibility to infection in predisposed individuals. Innate recognition by TLR8 and to a lesser extent by TLR7 seems to be important in humans, 23 but their role in the mouse model remains to be defined. Secretion of interferon (IFN) type I seems to provide a strong antiviral response as shown by increased susceptibility in IFN-a/b receptor, and IFN-b knockout mice. 24 , 25 Here we have exploited mouse genomic resources together with mouse models exhibiting phenotypic difference in host susceptibility against CVB3 as a means to map genetic loci influencing disease. Such loci should encode genes and proteins important for the interactions between host and CVB3. This information may serve ultimately to ameliorate detection, risk assessment and to develop rational treatment approaches for patients.
Surveys of host susceptibility to CVB3 in terms of survival, viremia, and histological evidence of myocarditis have been carried out in inbred strains of mice and in congenic mouse strains for different haplotypes of the major histocomatibility complex (MHC or H2 in mice). [26] [27] [28] These studies pointed to the existence of H2 and non-H2 genes (yet to be defined) implicated in CVB3 pathogenesis. Therefore to identify H2 independent gene effects, all mice studied were produced from progenitor strains A/J and B10.A-H2 a which carry the same H2 a haplotype. Viral myocarditis severity is often experimentally defined by histopathology. The association of necrosis and cellular infiltration recapitulates commonly used clinical diagnostics. 29 A myocarditis score has been developed to characterize the relative degree of infiltration and necrosis. 30 Although useful, semiquantitative histological scoring is partially subjective and presents particular challenges during analysis. 31 For this reason, mice were given a histological myocarditis score, and were also quantitatively assessed for the uptake of Evans Blue Dye (EBD), a marker of sarcolemmal damage and necrosis. 22, 32 Using a whole genome scan and genetic analysis in an informative F 2 population derived from susceptible A/J and resistant B10.A-H2 a , we have provided statistical evidence of significant linkage of susceptibility to CVB3-induced heart pathology with three loci. We have also shown that sarcolemmal damage and myocardial infiltration are controlled by common and independent mechanisms, further underscoring the genetic complexity of viral myocarditis.
Results
Variability in CVB3-induced cardiac pathology in different genetic backgrounds: myocarditis and sarcolemmal disruption The onset and severity of CVB3-induced myocarditis vary according to genotypes of the host and the virus. Surveys of inbred mice in several laboratories have shown that the cardiovirulent strain CVB3-CG presents severe and widespread histologic lesions in A/J mice, but is only mildly virulent in strains of C57BL background. Moreover, studies using congenic mice for the MHC or H2 in mice) indicated that both H2 and non-H2 genes play a primary role in controlling pathology. [26] [27] [28] To investigate H2 independent genes, here we considered A/J and B10.A-H2 a mice that share a common H2 haplotype. In accordance with previous studies, 33 we found that histological evidence of heart pathology was more pronounced at day 8 post-infection, corresponding to the peak phase of acute CVB3 cytopathicity and heart inflammation. At this time point, all A/J mice showed severe and extensive myocyte necrosis associated with large or coalescent foci of inflammatory cells. In contrast, B10.A-H2 a mice presented little myocardial infiltration with small, well-circumscribed foci of infiltrating mononuclear cells. This phenotype of myocardial infiltration was assessed semiquantitatively on a scale from 0 to 4 based on the area, number and size of infiltrating foci associated with necrosis within the myocardium 30 ( Figure 1 ). As summarized in Figure 2a , at day eight, A/J mice presented a significantly higher average level of myocarditis (3.91) than either the B10.A-H2 a (1.44) or hybrid F 1 (2.82) mice. Sex is known to have an effect on CVB3-induced pathology 34 and it was observed that there is a sex-specific effect in the F 1 animals (w 2 test, P ¼ 0.002), with susceptibility being more common in male F 1 mice (3.36 average score versus 2.86 in females).
Deficiency of the cytoskeletal muscle protein dystrophin is also a pre-disposing factor to CVB3 susceptibility, a model where increased susceptibility to sarcolemmal rupture seems to allow more efficient release of the virus from dystrophin-deficient cardiomyocytes and propagation of the infection. 22 Therefore, we sought to define the extent of sarcolemmal disruption as a second disease phenotype of CVB3-induced heart pathology. EBD has been used to gauge allelic contribution to sarcolemmal disruption and disease severity in animal models of muscular dystrophy 32 and has been shown to intercalate into tissue damaged by CVB3. 15, 22 Briefly, mice were injected with EBD, which labels the damaged cells as visibly blue as well as making them fluoresce orange. Here we have adapted a program 35 to quantify the phenotype of percent EBD-positive surface area, termed sarcolemmal disruption. For each image, the program establishes a background brightness threshold and calculates the area of a tissue stained above this background as a percentage of total area ( Figure 3 ). As shown in Figure 2b , A/J mice are on average highly susceptible to sarcolemmal disruption (27.69%) when compared with resistant B10.A-H2 a (2.13%) or intermediate F 1 mice (7.41%). A sex-specific effect was observed within the F 1 population (Mann-Whitney test, P ¼ 0.003), again with male F1 animals being most susceptible (12.37% damage versus 2.86% in females).
Segregation analysis of myocarditis and sarcolemmal damage reveals complex inheritance of the phenotypes To determine the mode of inheritance of host susceptibility to CVB3, a large informative cohort of (A/ J Â B10.A-H2 a )F 2 mice was produced, and then a total of 384 male and female mice of this cross were phenotyped as above. Each phenotype frequency distribution was distinct and presented a wide spectrum of susceptibility, indicating a complex genetic control as shown in Figure 2c and d. The distribution of myocarditis was unimodal with a mode of score 3, indicating that high myocarditis score was most common. The distribution of sarcolemmal disruption was skewed towards the origin indicating low damage was most common.
Certain patterns were noted. The frequency distribution of myocarditis as well as sarcolemmal disruption within the F 2 population were both intermediate as compared to parental strains (Figure 2c and d) . In addition, the number of F 2 individuals with 0 myocarditis score was unexpectedly high with the same frequency as in the B10.A-H2 a parent mice. Similarly, there was also an increased frequency of F 2 mice with very low sarcolemmmal damage when compared to B10.A-H2 a animals. Moreover, when the traits were considered together (Figure 4) , it was apparent that as myocarditis severity increased, sarcolemmal damage generally increased and that male mice were again more susceptible with significant differences for scores 3 and 4 (Mann-Whitney test, P ¼ 2 Â 10 -6 and 0.01, respectively). An effect of sex on the myocarditis phenotype within the entire F 2 was not significant (w 2 test, P ¼ 0.053), but a sex effect on sarcolemmal disruption was noted (Mann-Whitney test, P ¼ 0.0002). These observations are consistent with the presence of common and distinct genetic determinants underlying both phenotypes, as well as sex-specific determinants. 
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Linkage analysis of myocarditis and sarcolemmal damage reveals multiple susceptibility loci Our strategy to map loci underlying these phenotypic traits began with an approach based on selective genotyping 36, 37 of individuals presenting the most extreme phenotypes for myocarditis and sarcolemmal disruption. Thus, 32% of F 2 mice with almost equal representation of male and female (n ¼ 123, 60 male 63 female) were selected for analysis with 146 polymorphic markers spaced evenly about 10 cM apart throughout the mouse genome (Supplementary Table 1 ). Consistent with this strategy, the statistical analysis was carried out with consideration of myocarditis as a dichotomous trait, where mice scoring '0' and '1' were considered resistant and mice scoring '3' and '4' were considered susceptible. Sarcolemmal disruption was analyzed as a continuous trait. First we log transformed the data and used standard quantitative trait linkage (QTL) techniques without detecting any locus. After a graphical assessment of the kernel estimates of the phenotype density (Supplementary Figure 1) , we concluded that the data distribution was compatible with a mixture of g-random variables. Accordingly, we used a generalized linear model (GLM) to assess association of phenotype to marker genotype. 38 Genome-wide significance levels for each phenotype were established by 10 000 permutations. 39 A single locus on distal chromosome 3 was highly significant for the myocarditis phenotype as shown in Figure 5a (logarithm of odds (LOD) ¼ 4.6; P ¼ 0.0050). Six additional loci on chromosomes 1, 4, 7, 13, 14 and 18 had suggestive LOD scores ranging from 2.0 to 2.7 (Supplementary Table 2 ). Sarcolemmal disruption returned two significant loci in males on chromosomes 1 (P ¼ 0.04) and 4 (P ¼ 0.02) as well as one significant locus in females on chromosome 18 (P ¼ 0.03) (Figure 5b) . Interestingly, the scan performed on this phenotype revealed regions on chromosomes 2, 3, 5, 7, 13 and 14 with suggestive linkage, similar to those identified in association with myocarditis (Supplementary Table 2 ).
Distal chromosome 3 controls myocardial infiltration
We subsequently attempted to confirm and refine our selective genotyping results by genotyping F 2 mice at an additional 22 markers around candidate intervals and by genotyping all F 2 mice at a total of 32 markers at and around candidate loci (Supplementary Table 1) . At this stage, a total of 275 mice were included in the binary analysis of myocarditis, and the locus on distal chromosome 3 remained significant (LOD 4.7, P ¼ 0.0046) (Figure 6a, Supplementary Table 3) , and was designated Vms1 (Viral myocarditis susceptibility locus 1). By this method, no significant linkage was observed for chromosomes 1, 4, 7, 13, 14 and 18. The 1.5 LOD support interval of Vms1, representing an approximate 95% confidence interval for the locus trait, spanned approximately 16 cM on chromosome 3 but appeared to be more closely linked to the telomeric region and was centered on D3Mit19, located at position 87.6 cM. We did not detect sex differences per se but including sex as an additive Figure 3 Quantification of sarcolemmal disruption in infected hearts using EBD. After infection, damaged myofibres are rendered permeable to EBD. A highly susceptible mouse is expected to have a more disrupted sarcolemma and therefore more EBD accumulation, whereas a highly resistant mouse will have little to no EBD-positive cells. (a, c, e): Raw data of two representative fluorescent images with varying degrees of damage captured using a high-resolution black and white camera. (b, d, f): The same images as in (a, c, e) following transformation of the data by the program. All pixels of intensity above background are considered damaged (shown here in white). The percentage of all pixels above background as a percentage of total pixels is considered to be the trait called sarcolemmal disruption.
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M Aly et al co-variate in a logistic model decreased the P-value at the locus from 0.05 to 0.005, suggesting that sex is involved. Allele effect plots indicated that the A/J allele conferred susceptibility, as 71% of F 2 mice inheriting the homozygous A/J genotype at D3Mit19 exhibited myocarditis susceptibility with scores of 3 or 4 ( Figure 6b ). However, about 10% of homozygous A/J animals had a resistant phenotype of score 0 or 1, whereas 38% mice inheriting homozygous B10.A-H2 a (BB genotype) were susceptible, suggesting the effect of additional genetic and/or environmental factors.
Sarcolemmal disruption is controlled by sex-specific loci on chromosomes 1, 3 and 4 The analysis of sarcolemmal disruption was refined and extended to all 384 F 2 mice at and around candidate loci as indicated above, allowing the identification of three significant sex-specific loci designated Vms1-3. The strongest locus was Vms2, a previously suggestive locus on chromosome 1, that reached significance in males (P ¼ 0.00005), whereas in females it did not (P ¼ 1) (Figure 7a, Supplementary Table 3 ). The second strongest locus was detected as a female-specific locus on chromosome 3, located at position 83.5 cM at D3Mit128 (P ¼ 0.00148) (Figure 7b ). At this level of resolution, this region of chromosome 3 entirely overlapped the myocarditis susceptibility locus Vms1 and may represent the same entity. Vms3 had confirmed linkage in males on chromosome 4 as significant (P ¼ 0.0022), whereas in females it was not (P ¼ 1) (Figure 7c) . The support interval of significantly linked markers for Vms2 spanned a broad region of approximately 40 cM which peaks on D1Mit200 at position 80 cM (Figure 7a ). The support interval of significantly linked markers for Vms3 was more sharply defined on a 7 cM region that peaks on D4Mit81 at position 38 cM (Figure 7c) . Remarkably, at both loci, B10.A-H2 a genotypes are associated with additive susceptibility to sarcolemmal damage ( Figures  7d and 7e ). Similar to Vms1 in myocarditis, genotype effect plots indicated that A/J genotypes were associated with high sarcolemmal disruption, in further support of a possible pleiotropic effect of Vms1.
These results confirm the presence of three loci contributing to CVB3 susceptibility-induced pathology on chromosomes 1, 3 and 4.
Discussion
In humans as well as in mice, there is an established but unclear role for host factors in the disease process of viral myocarditis with the possible involvement of major histocompatibility complex (MHC) (H2 in mice) and cardiomyocyte-specific proteins. 14, 15, 22, [26] [27] [28] Inbred mouse strains develop myocarditis that reiterates human disease when infected with CVB3 originally isolated from human patients. In addition, different mouse strains present a range of heterotypic pathologies making the mouse an excellent model to study host determinants of CVB3-induced myocarditis.
13,26-28 Figure 4 Relationship between myocarditis score, sarcolemmal damage and sex within the (A/J Â B10.A-H2 a )F2 population. The distribution of F2 mice by sex, myocarditis score and sarcolemmal damage show a trend where higher myocarditis score was related to higher sarcolemmal disruption. The degree of variability between the two was assumed to reflect that these two phenotypes are related but not identical phenomena. For the higher scores (myocarditis score 3 and 4), males were significantly more susceptible than females.
Genetic control of viral myocarditis in mice M Aly et al Therefore, to examine the genetic control of susceptibility against viral myocarditis, we have used a genome scan approach in an informative F 2 cross between A/J and B10.A-H2 a mice, which share identical H2 and differ greatly in their susceptibility to CVB3-induced myocarditis. Whereas B10.A-H2 a hearts show no or few and scattered lesions, A/J hearts show extensive necrosis and large and coalescent inflammatory infiltrate lesions including innate and specific immune participants, as well as a large number of leukocytes which have been recruited to the site of infection. 27 By day 8 post-infection, these differences are dramatically expressed suggesting that genetic control appears to regulate aspects of heart-specific host responses that are triggered earlier. 13 We evaluated histological findings of the severity and extent of the myocardial inflammatory infiltrate with a semi-quantitative scoring system. 30 In addition, to capture another aspect of myocarditis that may be under unique or common genetic control, we also performed a quantitative evaluation of the extent of myocyte necrosis as determined by uptake of the tracer EBD. We found that the genetic control of susceptibility to CVB3-induced myocarditis is complex, and identified three genomic intervals that are strongly linked to the expression of the traits in this experimental setting. In addition, we observed that infiltration and sarcolemmal damage revealed overlapping gene effects. Vms1 was linked to severe myocardial infiltration (LOD 4.7; P ¼ 0.0045) and sarcolemmal damage (P ¼ 0.00148, in females only) in mice carrying the A/J susceptibility allele. In contrast, Vms2 (Po0.00005, in males only) and Vms3 (P ¼ 0.0022, in males only) segregated only with sarcolemmal damage. It is however premature to rule out a pleiotropic effect in the absence of further experimental evidence. Notably, at these two loci, B10.A alleles increased the severity of the trait. Simultaneously, the most resistant F 2 mice in terms of sarcolemmal damage were more resistant than the B10.A-H2 a parent. This is not an uncommon phenomenon that could presumably have resulted from the unique combinations of A and B10. A alleles. A possible interpretation is that B10 mice, which are relatively resistant to CVB3 (Figure 2 ), also possess susceptibility alleles whereas susceptible A/J mice carry some resistance alleles. It is also conceivable that certain susceptibility genes present in B10.A mice are only expressed in synergy with specific A/J genotypes at another locus, indicating an epistatic interaction. Regardless of the mechanism, these observations further indicate that the inheritance of viral myocarditis susceptibility is multifactorial, and arises from the combined impact of multiple contributing susceptibility genes.
The large size of the support intervals associated with each of these susceptibility loci is a typical feature of genes with a small effect or incomplete penetrance, which are commonly found in complex genetic disease. The best approach to confirm and narrow these localizations will be the production of congenic and polycongenic inbred strains, as it has been successful in other infectious, viral and immunological disease models. [40] [41] [42] An alternative approach, which may allow the identification of the causative gene(s) in each interval, is the characterization of relevant candidate genes. Multiple Significance for all plots was obtained by 10 000 permutations using R and R/qtl. (a) Genome-wide scan interval mapping for a binary trait revealed one significant locus on distal chromosome 3 for the myocarditis phenotype (LOD ¼ 4.6; P ¼ 0.0050); additional loci on chromosomes 1, 4, 7, 13, 14 and 18 were suggestive. (b) Genome-wide scan using a generalized linear model with sex as an interactive covariate revealed two significant male-specific loci on chromosomes 1 and 4, and one female-specific locus on chromosome 18 for the sarcolemmal damage phenotype (P ¼ 0.04, 0.02 and 0.03, respectively), additional loci on chromosomes 2, 3, 5, 7, 13 and 14 were also suggestive.
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M Aly et al mechanisms may determine susceptibility to viral myocarditis, possibly as a result of specific viruscardiomyocyte interactions or dysregulation of immune cell lineages resulting in pronounced inflammatory responses. Therefore, genes associated with these traits and located within the identified intervals are good candidates for testing functional differences between sequence variants. The support interval underneath Vms1 contains 55 genes of known and unknown function, including prostaglandin receptors, G-protein-coupled receptors, regulators of transcription, several signal adaptor molecules and some genes of unknown function. Vms1 also overlaps a previously identified heart failure modifier locus, hrtfm2, identified as being linked with a modification of hemodynamic functional parameters in a model where a transgene induces heart failure. 43 A proposed candidate gene for hrtfm2 was Tnni3k, a cardiac troponin-interacting kinase. 44 The significance of this overlap is conjectural, but may indicate a role for altered function of basic house-keeping genes that modify myocardium function or structure, possibly similar to the role of dystrophin and CVB3 susceptibility in the mdx mouse. The peak of Vms1 also coincides with If1, a locus that has been reported to regulate the production of type I interferons in strains closely related to those used in this study. 45 C57BL/6 mice possess a high production allele and Balb/c a low production allele of this modifier; however, the gene underlying its effect has yet to be identified. If1 has been shown to act upon exposure to the Newcastle Disease virus NDV, a negative strand RNA virus. This could suggest a common strategy for dealing with RNA viruses by modulation of the type I interferon pathway. Other possible candidates include Ifi44, 45 an interferon-induced gene which is a putative ortholog of Ras GTPase in humans.
Vms1, Vms2 and Vms3 were significantly linked to sarcolemmal disruption by image analysis. The link between sarcolemmal integrity, marked here by uptake of EBD and myocyte necrosis has been reported on. 32 Others have shown a colocalization of virus and myofibre permeability. 22 On chromosome 1, the support interval underlying Vms2 is a broad plateau of 40 cM, where many immune-related QTLs (Ity2, Sle1, Lbw7, Nba2, Bxs3, Mancq1) define susceptibility to various immunological traits, including T-and B-cell dysfunction. This locus has been defined for initial spontaneous loss of immunologic tolerance because of its variety of associated traits and may implicate multiple coexisting mechanisms. [46] [47] [48] [49] [50] [51] There are several immediately interesting candidates within the region. Among these is a downstream effector molecule of an established type I interferon pathway, RnaseL. 52 Oligoadenylate synthase 1b (OAS) was identified as being crucial for defense against another family of positive-strand RNA viruses, the flaviviruses. 53 When OAS binds double-stranded RNA, it catalyzes the synthesis of 2 0 -5 0 A, which then interacts with and activates RNase L. The human coreceptor of CVB3, (DAF), is also contained within this interval. When DAF is cross-linked in T cells, it is known to produce a signal through p56 lck In p56 lck knockout mice, viral replication is controlled and myocarditis is diminished suggesting that viral infection and activation of T cells represents an important mediator of pathogenesis. 33 Remarkably, an important regulator of p56 lck the Janus kinase (JAK) phosphatase CD45 54 is also contained within the interval. Another compelling candidate in this region is cardiac troponin T (TNNT2). TNNT2 is a sarcomeric protein important for proper contraction of cardiomyocytes. In humans, mutations in TNNT2 have been found in patients with late-onset dilated cardiomyopathy 55 which, similarly to mutations in dystrophin, may create predisposition to enteroviral infection and consequent tissue damage. Vms3 on chromosome 4 is bound within a much smaller locus, containing 109 genes. The most interesting candidates in this region is the type I interferon gene cluster; already known to be a alleles and AB represents animals heterozygous for the two allele types. F 2 mice homozygous for the A/J allele at this locus showed increased susceptibility to CVB3-induced myocarditis.
Genetic control of viral myocarditis in mice M Aly et al involved in regulating myocarditis. 24, 25, 56 However, as all loci contain many potentially interesting candidate genes with known non-synonymous sequence polymorphisms, these regions require much refining before they can be dissected further.
The above model of viral myocarditis events at day 8, constituting early immune response events, likely describes elements of innate immunity. Experimentally induced autoimmune myocarditis (EAM) represents a parallel and complimentary model system for the understanding of myocarditis. Whereas viral myocarditis begins after 7 days and peaks around 14, EAM begins after 14 days and peaks around 21 days. EAM describes later events involving adaptive mechanisms. Recently, a study on the genetic control of EAM in a very similar strain combination was able to detect different loci from the ones listed above.
14 These loci were indeed linked to the control of adaptive immunity as a locus detected coincides with ldd6, which has been shown to modulate susceptibility to apoptosis in T-cell precursors. Further studies within both models will allow us to generate a more complete picture of the entire process of myocarditis as well as gain fundamental insights into the nature of immunity.
Materials and methods

Mice, cells and virus
Inbred A/J and congenic B10.A-H2 a H2-T18 a /SgSnJ (B10.A) mice were purchased from Jackson Laboratories. Hybrid F 1 mice were obtained from reciprocal crosses between A and B10.A mice, and 498 F 2 progeny were obtained from brother-sister mating of the F 1 mice. All animals were maintained in the animal facility at the University of Ottawa in compliance with the Canada Council on Animal Care, as approved by the University of Ottawa Animal Care Committee. HeLa cells (a kind gift from SA Sattar, University of Ottawa) were subcultured in minimal essential medium (MEM) supplemented with 10% fetal bovine serum (FBS) (maintenance media) at 371C in 5% CO 2 in air. Coxsackievirus B3-Charles Gauntt (CVB3-CG) strain was kindly provided by Peter Liu (Heart & Stroke/Richard Lewar Centre of Excellence, University of Toronto, and the Division of Cardiology, Toronto General Hospital) at the University of Texas San Antonio. A large virus stock was propagated in HeLa cells which were infected at a multiplicity of infection (MOI) of 0.1 plaque forming units (PFU) per cell for 1 h at 371C in minimal essential medium (MEM) a genotype and AB represents animals heterozygous for the two genotypes. Shaded boxes represent genotypes/sex combinations that were significantly linked to the sarcolemmal disruption phenotype.
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M Aly et al supplemented with 2% fetal bovine serum (FBS), and then incubated in maintenance media for 48 h. Virus was collected by harvesting the medium and cells, performing three cycles of freezing and thawing, and subjecting the mixture to clarification at 4000 g at 41C Virus stock aliquots were stored at À701C and used throughout all experimental procedures. Stock virus titer was determined by plaque assay as previously described. 33 Briefly, triplicate serial 10-fold dilutions of virus stock in MEM containing 2% FBS were adsorbed for 1 h on confluent HeLa cells plated on 12-well culture plates. Infected cultures were then incubated for 3 days in maintenance media containing 0.5% agarose to allow plaque formation, and then stained with 1% crystal violet containing 10 % formalin.
Mouse infection and phenotype determination
For each experiment, a vial of viral stock was thawed and diluted in cold phosphate-buffered saline (PBS) at 5 Â 10 4 PFU/ml. Inbred, F 1 and F 2 mice were inoculated intraperitoneally with 500 PFU of CVB3-CG per gram of body weight (or 10 4 PFU of CVB3-CG in 0.2 ml of PBS for an average mouse of 20 g) at 7-8 weeks of age. Animals were weighed daily and observed for changes in fur characteristics, level of activity and appearance of respiratory distress. Moribund mice were humanely killed at an acceptable clinical end point. A total of 384 F 2 mice survived until the experimental end point and were fully characterized. A day before the killing, mice were injected intraperitoneally with EBD diluted in PBS to 1%, and administered at 1% of animal body weight, that is, 10 ml/g. At day 8 post-infection, hearts were removed aseptically and sagitally bisected. The anterior half of the heart was embedded in Optimal Cutting Temperature (OCT) compound (Tissue-tek, Salura Finetek) and snap-frozen in isopentane chilled in liquid nitrogen. Frozen samples were sent to the Morphology Unit located in the Department of Pathology and Laboratory Medicine (University of Ottawa, Canada) where 5-mm thick sections were prepared at different heart levels. Initially, six control mice were used for a systematic evaluation of the phenotypes at different depths (15-36 depths depending on the heart size) throughout the heart. It was found that data from two depths, one at the most median region and the second one equidistant to the pericardium, accurately represented the phenotype determined for all serial sections (data not shown). At these two depths, four contiguous heart sections were fixed on slides of which half were stained with hematoxylin and eosin (H&E) for evaluation of myocarditis, and half were left unstained to assess sarcolemmal disruption for all mice.
Myocarditis score. Histological evidence of myocarditis, classified in terms of degree of cellular infiltration associated with myocardial cell necrosis, was evaluated in H&E sections by light microscopy with a Zeiss Axio imager A1 microscope using Â 4, Â 20 and Â 100 objectives. Most sections were evaluated blindly and separately by two individuals to assess the severity of myocarditis as previously described. 30 Briefly, a semiquantitative evaluation of the severity and cumulative area of lesions was graded using a five-point system from 0 to 4 as in Figure 1a . A zero score indicates no or questionable infiltration. A '1' score indicates very limited focal distribution of myocardial lesions. A score of '2' describes multiple lesions, and '3' describes multiple and regular lesions with some confluence and extensive necrosis. Finally, a score of '4' describes the presence of coalescent and pervasive lesions spreading throughout most of the observed tissue.
Sarcolemmal disruption. Fluorescent staining of EBD in heart frozen sections was used to evaluate the interruption of sarcolemmal membrane integrity using a Zeiss Axioscope II microscope at Â 200 using a 450/480 nm filter. Each heart section was photographed in its entirety as between 17 and 25 images. Quantification of damaged cardiomyocytes was measured as the percentage of surface area stained as a proportion of total tissue photographed. This was achieved as follows: each fluorescent image was captured digitally in grayscale where each pixel has an intensity value between 0 (black) and 255 (white). Then, a background intensity threshold was calculated by triangle algorithm 35 for each image through the use of the DIPimage package (http:// www.ph.tn.tudelft.nl/DIPlib/). Briefly, the threshold function used constructs a histogram of the frequency of each pixel intensity, and then a line is drawn between the highest frequency pixel and the farthest (brightest) pixel intensity on the histogram. 35 The maximum distance between this line and the histogram is then set as a threshold as it corresponds to the highest staining intensities within normal tissue. In highly resistant mice, the lack of bright pixels lead to an underestimation of threshold value and a corresponding overestimation of percent tissue disrupted as determined by manual tracing. To solve this problem, the first two pixels in an image were changed to a brighter pixel intensity (200) in all cases. This generated quantifications that closely matched manual thresholding (Figure 3) . The program takes the mean value per heart. The program was implemented within the Matlab environment (http:// www.mathworks.com) in order to automate the process for many images and is available upon request.
Genotype analysis
Genomic DNA was prepared from tail biopsies of individual F 2 mice by overnight incubation at 551C in 700 ml of a buffer (100 mM Tris-HCl, pH 8.0, 0.0.5 mM ethylenediaminetetraacetic acid (EDTA), 200 mM NaCl, 0.2% sodium dodecyl sulfate (SDS)) containing 0.5 mg/ ml Proteinase K, and followed by RNAse treatment (0.3 mg/ml; 2 h at 371C). DNA was purified by serial phenol-chloroform extractions and ethanol precipitation. In our initial genome scan, 146 MIT markers, spaced approximately 10 cM apart from each other, were chosen from the mouse marker database of the Sloan-Kettering Institute (http://mouse.ski.mskcc.org/marker/MIT/ query.php) to distinguish between A/J and B10.A-H2 a alleles (Supplementary Table 1 ). Corresponding primer pairs were purchased from Applied Biosystems (Foster City, CA, USA) and Invitrogen (Burlington, ON, USA). The genotyping was performed using an automated high-throughput technology at McGill University and Genome Québec Innovation Centre. An additional 22 markers were subsequently added to saturate regions of interest and performed manually (Supplementary Table 1 ). One novel marker (D3Mcg1) was designed to genotype distal chromosome 3 with the following sequence (forward primer GGAGTTCTGAGGAGGTC GAG and reverse primer CATGGCGTAACGAAA CAAAA). Reactions performed manually used a 10 ml total reaction volume, 200 mM dNTPs, 1.5 mM MgCl 2 , 2 pmol of each primer and 0.5 U of Taq polymerase (Invitrogen, Burlinton, ON, USA). Reactions were performed as follows: 961 for 2 min; 30 cycles of 941 for 45 s, 561 for 45 s, 721 for 60 s; and a final extension step 721 for 7 min. polymerase chain reaction (PCR) products were then separated on 2-3% high-resolution agarose (USB, Cleveland, OH, USA) gels containing ethidium bromide and visualized under ultra violet (UV) light. Identification of likely genotyping errors was performed using R/qtl; all genotypes with error LOD scores greater than 3 were repeated and verified. 57 Statistical analysis for genetic linkage The initial approach adopted was selective genotyping of the most susceptible and the most resistant mice (n ¼ 123, 60 male 63 female) on the basis of a combination of cardiac damage and myocarditis scores. Consistent with this strategy, myocarditis was dichotomized with individuals scoring 3 and 4 assigned to the category 'susceptible' (n ¼ 57) and those scoring 0 or 1 assigned to the category 'resistant' (n ¼ 48). This dichotomized phenotype (myocarditis) was analyzed in a logistic regression framework using sex as an additive covariate, using the phenotypic data for 105 mice that had been genotyped with 146 polymorphic markers. Marker position was obtained from the MGI database. Associations of markers indicating LOD score 42 were confirmed with supplementary genotype data obtained from all resistant (N ¼ 89) and susceptible (N ¼ 186) F2 mice, and with additional genotypes for markers in the vicinity. The distribution of sarcolemmal disruption was assumed to be a mixture of random variables of g-distributions with the same shape parameter and scale parameter determined by the QTL genotype/sex combination (Supplementary Figure 1) . The analysis was carried out via generalized linear models, 38 that is, the density of the phenotype, Y, given the genotype, G, and sex S was given by the formula: where n is the shape parameter and scale parameter mgs ¼ e aþb s ;g and s ¼ 0 for females and s ¼ 1 for males; g ¼ 0, 1, 2 denote the number of 'B' alleles in the genotype, that is, for 'AA' homozygotes g ¼ 0, for 'AB' heterozygotes g ¼ 1 and for 'BB' homozygotes g ¼ 2. With this parameterization a represents the baseline effect (intercept) and b0 and b1 the effect associated to females and males, respectively. In a preliminary analysis, a model that included locus, sex main effects and their interaction were fitted. However, when significant association with a loci was detected, we observed that the main effect of sex alone was not significant in spite of the interaction term being significant. This led us to the proposed model. In the case of myocarditis, interval mapping on a binary trait was performed, and in the case of sarcolemmal disruption regression of the phenotype on the markers was considered. The computations were carried out via the statistical program R. The library 'R/qtl' was used for dichotomous regression using the binary version of the scanone function. 57 Significance was assessed through re-sampling using 100 000 permutations.
